Based on the principles of nonlinear dynamics, a dynamic model of the jet system for adaptive fire-fighting monitors was established. The influence of nonlinear fluid spring force on the dynamic model was described by the Duffing equation. Results of numerical calculation indicate that the nonlinear action of the fluid spring force leads to the nonlinear dynamic behavior of the jet system and fluid gas content, fluid pressure, excitation frequency, and excitation amplitude are the key factors affecting the dynamics of the jet system. When the excitation frequency is close to the natural frequency of the corresponding linear dynamic system, a sudden change in vibration amplitude occurs. The designed adaptive fire-fighting monitor had no multi-cycle, bifurcation, or chaos in the range of design parameters, which was consistent with the stroboscopic sampling results in the dynamic experiment of jet system. This research can provide a basis for the dynamic design and optimization of the adaptive fire-fighting monitor, and similar equipment.
Introduction
A fire-fighting monitor is a piece of fire-fighting equipment with a large flow and long-range, and is mainly composed of a barrel and a gun head [1, 2] . Through the electromechanical control system of the barrel, horizontal and pitching rotation of the fire-fighting monitor can be realized, so that fires can be extinguished rapidly due to the burning object being sprayed directly with fluid. The gun head is the end effector of the fire-fighting jet system, which converts the pressure energy of the fluid into kinetic energy. The two jet states, spray jet and straight jet, can be switched by adjusting the electromechanical control system of the gun head [2] [3] [4] . The nozzle opening of the traditional fire-fighting monitor remains unchanged during the jet flow, and the flow, pressure, and nozzle opening of the jet system are not well matched. Based on the principle of valve components in a hydraulic system [5, 6] , an adaptive fire-fighting monitor with an elastic adaptive adjustment mechanism at the front end of the nozzle was designed. The nozzle opening of the monitor could be automatically adjusted according to the changes in the flow and pressure of the jet system to improve the performance of the jet system, and its fire extinguishing efficiency, in a wider flow range.
The spray medium of the fire-fighting monitor is generally water, or a mixture of water and foam. During the working process of the fire-fighting jet system, the centrifugal pump, which works as the power source, tends to exhibit pressure pulsation [7] [8] [9] . Under the joint action of the pump and the load pressure, the dynamic fluid spring is easily formed due to the compressibility of the
Dynamic Modeling of the Jet System
The gun head of the fire-fighting monitor can automatically adjust the nozzle opening with a change of the flow or pressure of the incident fluid, as it can be divided into a traditional diversion gun head and an adaptive gun head. The structure of a traditional diversion gun head is shown in Figure 1 . During the working process, except for the outer nozzle which is used for adjusting the state of the jet, the other components are in a relatively static state. Therefore, the nozzle opening cannot be changed with the change of the jet flow and pressure, and an aggravation of turbulent flow and sudden increase of pressure is prone to occur, resulting in a reduction of fire extinguishing efficiency. The structure of an adaptive gun head is shown in Figure 2 . Inside the adaptive gun head, an adaptive mechanism is added, consisting of a spray core, an end cap, a core rod, and a spring. When the flow of the incident fluid in the gun head increases, the fluid force on the left side of the spray core increases. When the fluid force is greater than the spring force on the right side of the spray core, the spray core moves to the right, and the nozzle opening increases. In contrast, When the flow of the incident fluid decreases, the spray core moves to the left, and the nozzle opening decreases. Therefore, an adaptive fire-fighting monitor with an adaptive mechanism can automatically adjust the nozzle The connection between the adaptive gun head, the barrel, and the pipeline is shown in Figure  3 . The electromechanical system installed on the barrel can realize the horizontal and pitching rotation of the fire-fighting monitor. The jet system of the adaptive fire-fighting monitor has better jet performance due to the addition of the adaptive mechanism in the gun head. However, the mechanical spring introduced in the mechanism reduces the stiffness of the jet system, and the compressibility of the fluid changes the stiffness of the jet system dynamically, increasing the complexity of the dynamic behaviors of the jet system. When the excitation frequency is close to the natural frequency of the jet system, the vibration of the spray core is intensified, which will significantly reduce the fire extinguishing efficiency. The internal structure of the adaptive gun head is very similar to that of the valve element in a hydraulic system. Therefore, referring to the dynamic analysis of the relief valve, the working principle of the jet system of an adaptive fire-fighting monitor is shown in Figure 4 . the nozzle opening according to changes in inlet flow and pressure, thereby achieving good jet performance in a wider flow range. The connection between the adaptive gun head, the barrel, and the pipeline is shown in Figure  3 . The electromechanical system installed on the barrel can realize the horizontal and pitching rotation of the fire-fighting monitor. The jet system of the adaptive fire-fighting monitor has better jet performance due to the addition of the adaptive mechanism in the gun head. However, the mechanical spring introduced in the mechanism reduces the stiffness of the jet system, and the compressibility of the fluid changes the stiffness of the jet system dynamically, increasing the complexity of the dynamic behaviors of the jet system. When the excitation frequency is close to the natural frequency of the jet system, the vibration of the spray core is intensified, which will significantly reduce the fire extinguishing efficiency. The internal structure of the adaptive gun head is very similar to that of the valve element in a hydraulic system. Therefore, referring to the dynamic analysis of the relief valve, the working principle of the jet system of an adaptive fire-fighting monitor is shown in Figure 4 . The connection between the adaptive gun head, the barrel, and the pipeline is shown in Figure 3 . The electromechanical system installed on the barrel can realize the horizontal and pitching rotation of the fire-fighting monitor. The connection between the adaptive gun head, the barrel, and the pipeline is shown in Figure  3 . The electromechanical system installed on the barrel can realize the horizontal and pitching rotation of the fire-fighting monitor. The jet system of the adaptive fire-fighting monitor has better jet performance due to the addition of the adaptive mechanism in the gun head. However, the mechanical spring introduced in the mechanism reduces the stiffness of the jet system, and the compressibility of the fluid changes the stiffness of the jet system dynamically, increasing the complexity of the dynamic behaviors of the jet system. When the excitation frequency is close to the natural frequency of the jet system, the vibration of the spray core is intensified, which will significantly reduce the fire extinguishing efficiency. The internal structure of the adaptive gun head is very similar to that of the valve element in a hydraulic system. Therefore, referring to the dynamic analysis of the relief valve, the working principle of the jet system of an adaptive fire-fighting monitor is shown in Figure 4 . The jet system of the adaptive fire-fighting monitor has better jet performance due to the addition of the adaptive mechanism in the gun head. However, the mechanical spring introduced in the mechanism reduces the stiffness of the jet system, and the compressibility of the fluid changes the stiffness of the jet system dynamically, increasing the complexity of the dynamic behaviors of the jet system. When the excitation frequency is close to the natural frequency of the jet system, the vibration of the spray core is intensified, which will significantly reduce the fire extinguishing efficiency. The internal structure of the adaptive gun head is very similar to that of the valve element in a hydraulic It can be seen in Figure 4 that the diesel and the reducer installed on the fire engine drive the main spindle of the pump to rotate, and the water in the water tank is filtered by the filter, and then sucked into the interior by the pump. The water discharged from the pump enters the adaptive firefighting monitor through the flowmeter and the throttle valve, and finally shoots at the fire point.
In Figure 4 , m is the mass of the spray core. Analyzing the forces of the spray core, the dynamic equation of the spray core is c s
where, x is the displacement of the spray core under the action of jet fluid, c F is the viscous resistance, s F is the spring force, and F is the fluid force on the spray core.
The total equivalent stiffness of the jet system, as shown in Figure 4 , is made up of the stiffness of the mechanical spring inside the spray core and the stiffness of the fluid unit on the left side of the spray core. During the operation of the jet system, the movement of the spray core causes a change in the length of the fluid unit on the left side, which in turn causes a change in the stiffness of the fluid unit, ultimately resulting in a change in the total spring stiffness of the jet system. Therefore, the variation law of total stiffness is
where f B is the bulk elastic modulus of the fluid. Considering the compressibility of the gascontaining fluid, f B is calculated by the bulk elastic modulus formula [32] . S is the equivalent cross-sectional area of the fluid unit, L is the equivalent length of the fluid unit, and s k is the stiffness of the mechanical spring inside the spray core.
Let y be the vibration displacement near the working point of the spray core, x , that is y x = Δ . According to the Taylor series, the total stiffness of the jet system near the operating point can be expressed as: 
Omitting the infinitesimal of higher order 2 ( ) o y in Equation (4), the total stiffness of the jet system can be expressed as: It can be seen in Figure 4 that the diesel and the reducer installed on the fire engine drive the main spindle of the pump to rotate, and the water in the water tank is filtered by the filter, and then sucked into the interior by the pump. The water discharged from the pump enters the adaptive fire-fighting monitor through the flowmeter and the throttle valve, and finally shoots at the fire point.
In Figure 4 , m is the mass of the spray core. Analyzing the forces of the spray core, the dynamic equation of the spray core is m
..
where, x is the displacement of the spray core under the action of jet fluid, F c is the viscous resistance, F s is the spring force, and F is the fluid force on the spray core. The total equivalent stiffness of the jet system, as shown in Figure 4 , is made up of the stiffness of the mechanical spring inside the spray core and the stiffness of the fluid unit on the left side of the spray core. During the operation of the jet system, the movement of the spray core causes a change in the length of the fluid unit on the left side, which in turn causes a change in the stiffness of the fluid unit, ultimately resulting in a change in the total spring stiffness of the jet system. Therefore, the variation law of total stiffness is
where B f is the bulk elastic modulus of the fluid. Considering the compressibility of the gas-containing fluid, B f is calculated by the bulk elastic modulus formula [32] . S is the equivalent cross-sectional area of the fluid unit, L is the equivalent length of the fluid unit, and k s is the stiffness of the mechanical spring inside the spray core. Let y be the vibration displacement near the working point of the spray core, x, that is y = ∆x. According to the Taylor series, the total stiffness of the jet system near the operating point can be expressed as:
Assuming k(x) = k 1 , .
k(x) = k 2 , and ..
k(x) = k 3 , then substituting them into Equation (3):
Omitting the infinitesimal of higher order o(y 2 ) in Equation (4), the total stiffness of the jet system can be expressed as:
Since the elastic potential energy U of the spring has symmetry, the total elastic potential energy of the jet system can be expressed as:
The nonlinear spring force of the jet system can be further expressed by Equation (6):
This paper mainly studies the influence of nonlinear spring force on the dynamic characteristics of the jet system, so the nonlinear factors such as friction and system damping are not considered. Then the dynamic equation of the jet system near the working point x is
where, c is the linear damping coefficient of the system, which is the sum of the system structural damping coefficient c 0 , and the fluid damping coefficient c 1 . F 0 cos(ωt + ϕ 0 ) is the external periodic excitation caused by the pressure pulsation of the incident fluid, F 0 is the amplitude of the external excitation, ω is the angular frequency of external excitation, and ϕ 0 is the initial phase angle of external excitation.
In order to analyze the jet system more conveniently and intuitively, the mass unit of Equation (8) can be normalized as ..
ξ is the linear damping ratio, ω 0 is the natural frequency of the linear harmonic oscillator when the nonlinear term coefficient β is equal to 0, and F 1 is the amplitude of external excitation received by the unit mass.
Dynamic Analysis of the Jet System
It can be seen from Equation (9) that the dynamic model of the jet system of the adaptive fire-fighting monitor can be described by a Duffing equation with damping. Therefore, the basic laws of the jet system can be revealed by the characteristics of the Duffing equation. The design parameters of the jet system are shown in Table 1 : Table 1 . Design parameters of the jet system.
Parameter Name Parameter Name Unit Value
Mass of spray core m kg 0.3163 Structural damping coefficient According to the theory of bulk elastic modulus of gas-liquid fluid, the gas content of the fluid (α 0 ), and the fluid pressure (p), are the main factors affecting the bulk elastic modulus of the fluid. It can be seen from Equation (2) that these two factors also have direct effects on the stiffness of the jet system. Combining the amplitude (F 0 ) and frequency (ω) of the external excitation in Equation (9), the dynamic characteristics of the jet system can be researched with variables α 0 , p, ω, and F 0 .
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Resonance Analysis of the Jet System
When the incident fluid gas content (α 0 ) is 2%, the fluid pressure (p) is 0.6 MPa, and the external excitation amplitude (F 0 ) values of 1 N, 3 N, and 5 N, respectively. The bifurcation, with a frequency of external excitation (ω), is shown in Figure 5 .
It can be seen from Equation (2) that these two factors also have direct effects on the stiffness of the jet system. Combining the amplitude ( 0 F ) and frequency (ω ) of the external excitation in Equation (9), the dynamic characteristics of the jet system can be researched with variables 0 α , p , ω , and 0 F .
When the incident fluid gas content ( 0 α ) is 2%, the fluid pressure ( p ) is 0.6 MPa, and the external excitation amplitude ( 0 F ) values of 1 N, 3 N, and 5 N, respectively. The bifurcation, with a frequency of external excitation ( ω ), is shown in Figure 5 . It can be seen from Figure 5 , that when ω and 0 F have different values, the motion of the jet system is a single-cycle vibration. Under the action of different external excitation amplitudes, the amplitude of the jet system first increases and then decreases with the increase of the external excitation frequency. Moreover, the larger the external excitation amplitude, the larger the amplitude of the jet system. There are amplitude mutations in all three curves, and the larger the external excitation amplitude, the higher the external excitation frequency when the amplitude mutation occurs.
Hz, and 0 3 F = N as an example, the Rouge-Kutta method was used to calculate in order to reflect the operating state of the jet system vividly. The time course, the phase diagram, the power spectrum density, and the Poincare map are shown in Figure 6 . It can be seen from Figure 5 , that when ω and F 0 have different values, the motion of the jet system is a single-cycle vibration. Under the action of different external excitation amplitudes, the amplitude of the jet system first increases and then decreases with the increase of the external excitation frequency. Moreover, the larger the external excitation amplitude, the larger the amplitude of the jet system. There are amplitude mutations in all three curves, and the larger the external excitation amplitude, the higher the external excitation frequency when the amplitude mutation occurs.
Taking α 0 = 2%, p = 0.6 MPa, ω = 46.8 Hz, and F 0 = 3 N as an example, the Rouge-Kutta method was used to calculate in order to reflect the operating state of the jet system vividly. The time course, the phase diagram, the power spectrum density, and the Poincare map are shown in Figure 6 . It can be seen from Equation (2) that these two factors also have direct effects on the stiffness of the jet system. Combining the amplitude ( 0 F ) and frequency (ω ) of the external excitation in Equation (9), the dynamic characteristics of the jet system can be researched with variables 0 α , p , ω , and 0 F .
Taking 0 2% α = , 0 .6 p = MPa, 4 6 .8
ω =
Hz, and 0 3 F = N as an example, the Rouge-Kutta method was used to calculate in order to reflect the operating state of the jet system vividly. The time course, the phase diagram, the power spectrum density, and the Poincare map are shown in Figure 6 . It can be seen from Figure 6 that the time course is periodically repeated, i.e., the phase diagram is repeated in a finite region, which is a closed curve, that is, there exists a limit cycle; the power spectrum density has a peak at an external excitation frequency of 46.8 Hz; Poincare map has only one point in a certain area. The above are obvious single-cycle vibration characteristics, indicating that when 0 α is 2%, p is 0.6 MPa, ω is 46.8 Hz, and 0 F is 3 N, the jet system is in a single-cycle It can be seen from Figure 6 that the time course is periodically repeated, i.e., the phase diagram is repeated in a finite region, which is a closed curve, that is, there exists a limit cycle; the power spectrum density has a peak at an external excitation frequency of 46.8 Hz; Poincare map has only one point in a certain area. The above are obvious single-cycle vibration characteristics, indicating that when α 0 is 2%, p is 0.6 MPa, ω is 46.8 Hz, and F 0 is 3 N, the jet system is in a single-cycle vibration state. The results of the bifurcation of a large number of samples show that when α 0 varies from 0 to 5%, p ranges from 0 to 5 MPa, ω ranges from 0 to 100 Hz, and F 0 ranges from 0 to 5 N, the jet system operates steadily in a single-cycle.
Analysis of the Amplitude Mutation of the Jet System
In order to explore the cause of the amplitude mutation of the jet system shown in Figure 5 , the amplitude curve of the jet system with the external excitation frequency shown in Figure 7 was plotted with p = 0.6 MPa, α 0 = 2%, F 0 = 3 N, and the nonlinear coefficient β in Equation (9) had values of 0 and 2849.5 N/(mm 3 ·t), respectively. In Figure 7 , y 1 is the amplitude when β = 2849.5 N/(mm 3 ·t), and y 2 is the amplitude when β = 0. It can be seen from Figure 6 that the time course is periodically repeated, i.e., the phase diagram is repeated in a finite region, which is a closed curve, that is, there exists a limit cycle; the power spectrum density has a peak at an external excitation frequency of 46.8 Hz; Poincare map has only one point in a certain area. The above are obvious single-cycle vibration characteristics, indicating that when 0 α is 2%, p is 0.6 MPa, ω is 46.8 Hz, and 0 F is 3 N, the jet system is in a single-cycle vibration state. The results of the bifurcation of a large number of samples show that when 0 α varies from 0 to 5%, p ranges from 0 to 5 MPa, ω ranges from 0 to 100 Hz, and 0 F ranges from 0 to 5 N, the jet system operates steadily in a single-cycle.
In order to explore the cause of the amplitude mutation of the jet system shown in Figure 5 , the amplitude curve of the jet system with the external excitation frequency shown in Figure 7 was plotted with p = 0.6 MPa, 0 α = 2%, 0 F = 3 N, and the nonlinear coefficient β in Equation (9) had values of 0 and 2849.5 N/(mm 3 ·t), respectively. In Figure 7 , 1 y is the amplitude when When 0 β = , the dynamic equation of the jet system shown in Equation (9) can be regarded as a linear one. As can be seen from Figure 7 , at the natural frequency of about 37.35 Hz, the amplitude reaches its maximum, which is 90.25 mm. Meanwhile, there is no amplitude mutation. In contrast, when When β = 0, the dynamic equation of the jet system shown in Equation (9) can be regarded as a linear one. As can be seen from Figure 7 , at the natural frequency of about 37.35 Hz, the amplitude reaches its maximum, which is 90.25 mm. Meanwhile, there is no amplitude mutation. In contrast, when β = 2849.5 N/(mm 3 ·t), the dynamic equation is nonlinear, and the amplitude mutates from 2.833 mm to 0.7359 mm at the external excitation frequency of 42.18 Hz, which is greater than the natural frequency of the linear equation. From the above comparison, it is the nonlinear term that causes the amplitude mutation when the external excitation frequency changes. When the amplitude mutation occurs, the external excitation frequency is greater than the natural frequency of the corresponding linear system, and the maximum amplitude of the jet system is significantly reduced.
Analysis of the Influence of Incident Fluid Pressure and External Excitation Amplitude
When p is 0.6 MPa and F 0 is 3 N, and changing α 0 and ω, the curve of amplitude of the jet system with α 0 and ω under steady conditions is shown in Figure 8 .
It can be seen from Figure 8 that the amplitude mutation occurs in the jet system with an increase of ω. The higher the α 0 , the lower the ω and the greater the amplitude, when an amplitude mutation occurs. When α 0 is low, the mutation excitation frequency decreases rapidly with the increase of α 0 . While the rate of decrease of the mutation excitation frequency gradually slows down with the increase Processes 2019, 7, 952 8 of 18 of α 0 when α 0 is high. When ω is 38.2 Hz and α 0 is 5%, the amplitude reaches the maximum, which is 7.739 mm.
causes the amplitude mutation when the external excitation frequency changes. When the amplitude mutation occurs, the external excitation frequency is greater than the natural frequency of the corresponding linear system, and the maximum amplitude of the jet system is significantly reduced.
When p is 0.6 MPa and 0 F is 3 N, and changing 0 α and ω , the curve of amplitude of the jet system with 0 α and ω under steady conditions is shown in Figure 8 . It can also be seen from Figure 8 that when ω is less than 38.2 Hz or greater than 42.7 Hz, the amplitude of the jet system changes smoothly with the change of 0 α . When ω is between 38.2 Hz and 42.7 Hz, the amplitude of the system has a mutation, showing that the amplitude at this stage is more sensitive to the frequency change.
Analysis of the Influence of Incident Fluid Gas Content and External Excitation Amplitude
When 0 α is 2% and 0 F is 3 N, changing p and ω , the curve of amplitude of the jet system with p and ω under steady conditions is shown in Figure 9 . It can also be seen from Figure 8 that when ω is less than 38.2 Hz or greater than 42.7 Hz, the amplitude of the jet system changes smoothly with the change of α 0 . When ω is between 38.2 Hz and 42.7 Hz, the amplitude of the system has a mutation, showing that the amplitude at this stage is more sensitive to the frequency change.
When α 0 is 2% and F 0 is 3 N, changing p and ω, the curve of amplitude of the jet system with p and ω under steady conditions is shown in Figure 9 . It can be seen from Figure 9 that an amplitude mutation occurs in the jet system with an increase of ω . Additionally, the higher the p , the higher the ω , and the smaller the amplitude when the amplitude mutation occurs. When p is low, the mutation excitation frequency increases rapidly with the increase in p . While the rate of increase of the mutation excitation frequency gradually slows down, with an increase of p when p is high. When p is 0.2 MPa and ω is 34.78 Hz, the amplitude reaches the maximum, which is 11.48 mm.
It can also be seen from Figure 9 that when ω is greater than 42.5 Hz, the amplitude of the jet system changes smoothly with the change of p . When ω is between 31.8 Hz and 42.5 Hz, there is a mutation in the amplitude of the system. At this stage, the amplitude was more sensitive to the frequency change, and the sensitive frequencies differed when the pressure is different. It can be seen from Figure 9 that an amplitude mutation occurs in the jet system with an increase of ω. Additionally, the higher the p, the higher the ω, and the smaller the amplitude when the amplitude mutation occurs. When p is low, the mutation excitation frequency increases rapidly with the increase in p. While the rate of increase of the mutation excitation frequency gradually slows down, with an increase of p when p is high. When p is 0.2 MPa and ω is 34.78 Hz, the amplitude reaches the maximum, which is 11.48 mm.
It can also be seen from Figure 9 that when ω is greater than 42.5 Hz, the amplitude of the jet system changes smoothly with the change of p. When ω is between 31.8 Hz and 42.5 Hz, there is a mutation in the amplitude of the system. At this stage, the amplitude was more sensitive to the frequency change, and the sensitive frequencies differed when the pressure is different.
Analysis of the Influence of Incident Fluid Pressure and the Incident Fluid Gas Content
When ω is 46.8 Hz and F 0 is 3 N, changing p and α 0 , the curve of amplitude of the jet system with p and α 0 under steady conditions is shown in Figure 10 .
of ω . Additionally, the higher the p , the higher the ω , and the smaller the amplitude when the amplitude mutation occurs. When p is low, the mutation excitation frequency increases rapidly with the increase in p . While the rate of increase of the mutation excitation frequency gradually slows down, with an increase of p when p is high. When p is 0.2 MPa and ω is 34.78 Hz, the amplitude reaches the maximum, which is 11.48 mm.
It can also be seen from Figure 9 that when ω is greater than 42.5 Hz, the amplitude of the jet system changes smoothly with the change of p . When ω is between 31.8 Hz and 42.5 Hz, there is a mutation in the amplitude of the system. At this stage, the amplitude was more sensitive to the frequency change, and the sensitive frequencies differed when the pressure is different.
When ω is 46.8 Hz and 0 F is 3 N, changing p and 0 α , the curve of amplitude of the jet system with p and 0 α under steady conditions is shown in Figure 10 . It can be seen from Figure 10 that when p and α 0 change simultaneously, there is no amplitude mutation in the jet system, which is because ω remains unchanged at 46.8 Hz and is not within the frequency mutation interval, and the interval should also be avoided in the actual jet system to keep jet performance unaffected. When p is low, the higher the α 0 , the lower the system amplitude at the same pressure. When p is high, the amplitude of the jet system is almost unchanged regardless of the changing gas content.
It can also be seen from Figure 10 that when p is greater than 1.2 MPa, the amplitude of the jet system changes smoothly. When p is less than 1.2 MPa, the amplitude of the system decreases in the form of step, and the amplitude at this stage is more sensitive to the change of p.
In summary, when the four parameters α 0 , p, ω, and F 0 , are within the design range, the motion of the jet system is a typical single-cycle vibration with no multi-cycle, bifurcation, and chaos, indicating that the vibration of the jet system of the designed adaptive fire-fighting monitor is regular and predictable in the current parameter range. When ω is in a certain interval, the jet system has amplitude mutation, and the amplitude of the jet system near the mutation is large. Therefore, in the design of the fire-fighting jet system, the input shaft speed of the pump and the pulsation frequency of the output fluid should avoid the interval. Compared with the wheelset system with obvious bifurcation dynamics in [18] , the motion of the adaptive fire-fighting jet system in this paper is single-cycle, when within the range of the design parameters, indicating that the design of the jet system was reasonable.
Sensitivity Analysis of the Jet System
The steady-state amplitude of the jet system is mainly related to α 0 , ω, and p. In order to analyze the influence of the three variables on the steady-state amplitude, the sensitivity of the steady-state amplitude to the three variables is calculated by the difference method. Due to the interactions between the three variables, the sensitivity of the jet system is analyzed according to the conditions in Section 3.3, Section 3.4, and Section 3.5.
When p is 0.6 MPa and F 0 is 3 N, the sensitivity variation curves of the steady-state amplitude y with respect to ω and α 0 are shown in Figures 11 and 12 , respectively.
The steady-state amplitude of the jet system is mainly related to 0 α , ω , and p . In order to analyze the influence of the three variables on the steady-state amplitude, the sensitivity of the steady-state amplitude to the three variables is calculated by the difference method. Due to the interactions between the three variables, the sensitivity of the jet system is analyzed according to the conditions in Sections 3.3, 3.4, and 3.5.
When p is 0.6 MPa and 0 F is 3 N, the sensitivity variation curves of the steady-state amplitude y with respect to ω and 0 α are shown in Figure 11 and Figure 12 , respectively. It can be seen from Figure 11 that in the low-frequency range before the amplitude mutation, the sensitivity of the amplitude to ω is positive. When 0 α is constant, the sensitivity increases first and then decreases gradually as ω increases. When 0 α increases, the sensitivity under the same frequency also increases gradually. Meanwhile, the larger the 0 α , the shorter the frequency range corresponding to the sensitivity variation curve of the low frequency and the greater the maximum sensitivity. In the high-frequency range after the amplitude mutation, the sensitivity of the amplitude to ω is negative. When 0 α is constant, the sensitivity gradually increases and approaches zero as the frequency increases. When 0 α increases gradually, the sensitivity slightly increases. Besides, the larger the 0 α , the longer the frequency range, corresponding to the sensitivity variation curve of the high frequency and the smaller the minimum sensitivity. It can be seen from Figure 12 , that in the low-frequency range before the amplitude mutation, the sensitivity of the amplitude to 0 α is positive. When ω is constant, the sensitivity decreases first and then increases as 0 α increases. When ω increases, the sensitivity under the same gas content also increases gradually. Meanwhile, the higher the ω , the shorter the gas-content range corresponding to the sensitivity variation curve of the low frequency and the greater the maximum sensitivity. In the high-frequency range after the amplitude mutation, the sensitivity of the amplitude to 0 α is negative. When ω is constant, the sensitivity gradually increases and approaches zero as It can be seen from Figure 11 that in the low-frequency range before the amplitude mutation, the sensitivity of the amplitude to ω is positive. When α 0 is constant, the sensitivity increases first and then decreases gradually as ω increases. When α 0 increases, the sensitivity under the same frequency also increases gradually. Meanwhile, the larger the α 0 , the shorter the frequency range corresponding to the sensitivity variation curve of the low frequency and the greater the maximum sensitivity. In the high-frequency range after the amplitude mutation, the sensitivity of the amplitude to ω is negative. When α 0 is constant, the sensitivity gradually increases and approaches zero as the frequency increases. When α 0 increases gradually, the sensitivity slightly increases. Besides, the larger the α 0 , the longer the frequency range, corresponding to the sensitivity variation curve of the high frequency and the smaller the minimum sensitivity.
It can be seen from Figure 12 , that in the low-frequency range before the amplitude mutation, the sensitivity of the amplitude to α 0 is positive. When ω is constant, the sensitivity decreases first and then increases as α 0 increases. When ω increases, the sensitivity under the same gas content also increases gradually. Meanwhile, the higher the ω, the shorter the gas-content range corresponding to the sensitivity variation curve of the low frequency and the greater the maximum sensitivity. In the high-frequency range after the amplitude mutation, the sensitivity of the amplitude to α 0 is negative. When ω is constant, the sensitivity gradually increases and approaches zero as α 0 increases. When ω gradually increases, the sensitivity under the same gas content also increases. Besides, when the frequency is relatively low, the lower the ω, the shorter the gas-content range, corresponding to the sensitivity variation curve of the high frequency and the smaller the maximum sensitivity.
When α 0 is 2% and F 0 is 3 N, the sensitivity variation curves of the steady-state amplitude y with respect to p and ω are shown in Figures 13 and 14 , respectively. It can be seen from Figure 13 that in the low-frequency range before the amplitude mutation, the sensitivity of the amplitude to p is negative. When ω is constant, the sensitivity gradually increases and approaches zero, as p increases. When ω gradually increases, the sensitivity shows a stepwise distribution in the low-pressure region, which corresponds to the amplitude-variation tendency under low frequency and pressure, as shown in Figure 9 . In the high-pressure region, the sensitivity gradually increases and approaches zero. In the high-frequency range after the amplitude mutation, the sensitivity of the amplitude to p is positive. When ω is constant, the sensitivity gradually decreases and approaches zero as p increases. When ω gradually increases, the sensitivity under the same pressure gradually decreases. Besides, when the frequency is relatively low, the shorter the pressure variation range, corresponding to the sensitivity variation curve of the high frequency and the larger the maximum sensitivity. It can be seen from Figure 14 that in the low-frequency range before the amplitude mutation, the sensitivity of the amplitude to ω is positive. When p is constant, the sensitivity increases first and It can be seen from Figure 13 that in the low-frequency range before the amplitude mutation, the sensitivity of the amplitude to p is negative. When ω is constant, the sensitivity gradually increases and approaches zero, as p increases. When ω gradually increases, the sensitivity shows a stepwise distribution in the low-pressure region, which corresponds to the amplitude-variation tendency under low frequency and pressure, as shown in Figure 9 . In the high-pressure region, the sensitivity gradually increases and approaches zero. In the high-frequency range after the amplitude mutation, the sensitivity of the amplitude to p is positive. When ω is constant, the sensitivity gradually decreases and approaches zero as p increases. When ω gradually increases, the sensitivity under the same pressure gradually decreases. Besides, when the frequency is relatively low, the shorter the pressure variation range, corresponding to the sensitivity variation curve of the high frequency and the larger the maximum sensitivity. It can be seen from Figure 14 that in the low-frequency range before the amplitude mutation, the sensitivity of the amplitude to ω is positive. When p is constant, the sensitivity increases first and It can be seen from Figure 13 that in the low-frequency range before the amplitude mutation, the sensitivity of the amplitude to p is negative. When ω is constant, the sensitivity gradually increases and approaches zero, as p increases. When ω gradually increases, the sensitivity shows a stepwise distribution in the low-pressure region, which corresponds to the amplitude-variation tendency under low frequency and pressure, as shown in Figure 9 . In the high-pressure region, the sensitivity gradually increases and approaches zero. In the high-frequency range after the amplitude mutation, the sensitivity of the amplitude to p is positive. When ω is constant, the sensitivity gradually decreases and approaches zero as p increases. When ω gradually increases, the sensitivity under the same pressure gradually decreases. Besides, when the frequency is relatively low, the shorter the pressure variation range, corresponding to the sensitivity variation curve of the high frequency and the larger the maximum sensitivity.
It can be seen from Figure 14 that in the low-frequency range before the amplitude mutation, the sensitivity of the amplitude to ω is positive. When p is constant, the sensitivity increases first and then decreases as ω increases. When p gradually increases, the sensitivity under the same frequency gradually decreases. Meanwhile, the larger the p, the longer the frequency range, corresponding to the sensitivity variation curve of the low frequency and the smaller the maximum sensitivity. In the high-frequency range after the amplitude mutation, the sensitivity of the amplitude to ω is negative. When p is constant, the sensitivity gradually increases and approaches zero as ω increases. When p gradually increases, the sensitivity under the same frequency gradually decreases. Besides, the larger the p, the shorter the frequency range, corresponding to the sensitivity variation curve of the high frequency and the smaller the maximum sensitivity.
When ω is 46.8 Hz and F 0 is 3 N, the sensitivity variation curves of the steady-state amplitude y with respect to p and α 0 are shown in Figures 15 and 16 , respectively. to ω is negative. When p is constant, the sensitivity gradually increases and approaches zero as ω increases. When p gradually increases, the sensitivity under the same frequency gradually decreases. Besides, the larger the p , the shorter the frequency range, corresponding to the sensitivity variation curve of the high frequency and the smaller the maximum sensitivity.
When ω is 46.8 Hz and 0 F is 3 N, the sensitivity variation curves of the steady-state amplitude y with respect to p and 0 α are shown in Figure 15 and Figure 16 , respectively. It can be seen from Figure 15 that the sensitivity of the amplitude to 0 α is negative. When p is constant, the sensitivity gradually increases with the increase of 0 α . Meanwhile, the lower the p , the greater the change of the sensitivity variation curve. When p gradually increases, the sensitivity under the same gas content gradually increases.
It can be seen from Figure 16 that the sensitivity of the amplitude to p is positive. When 0 α is constant, the sensitivity gradually decreases as p increases. Besides, the larger the 0 α , the greater the change of the sensitivity variation curve. When 0 α gradually increases, the sensitivity under the same pressure gradually increases. From the above sensitivity analysis, it is known that when the external excitation frequency variation range includes the mutation frequency, the sensitivity curve will mutate, i.e., a positive to ω is negative. When p is constant, the sensitivity gradually increases and approaches zero as ω increases. When p gradually increases, the sensitivity under the same frequency gradually decreases. Besides, the larger the p , the shorter the frequency range, corresponding to the sensitivity variation curve of the high frequency and the smaller the maximum sensitivity.
It can be seen from Figure 16 that the sensitivity of the amplitude to p is positive. When 0 α is constant, the sensitivity gradually decreases as p increases. Besides, the larger the 0 α , the greater the change of the sensitivity variation curve. When 0 α gradually increases, the sensitivity under the same pressure gradually increases. From the above sensitivity analysis, it is known that when the external excitation frequency variation range includes the mutation frequency, the sensitivity curve will mutate, i.e., a positive It can be seen from Figure 15 that the sensitivity of the amplitude to α 0 is negative. When p is constant, the sensitivity gradually increases with the increase of α 0 . Meanwhile, the lower the p, the greater the change of the sensitivity variation curve. When p gradually increases, the sensitivity under the same gas content gradually increases.
It can be seen from Figure 16 that the sensitivity of the amplitude to p is positive. When α 0 is constant, the sensitivity gradually decreases as p increases. Besides, the larger the α 0 , the greater the change of the sensitivity variation curve. When α 0 gradually increases, the sensitivity under the same pressure gradually increases.
From the above sensitivity analysis, it is known that when the external excitation frequency variation range includes the mutation frequency, the sensitivity curve will mutate, i.e., a positive sensitivity value changes to be a negative one or a negative value becomes a positive one, which corresponds to the mutation in amplitude variation curve.
It can be seen from Figures 11-16 that within the normal working range, the sensitivity of the jet system amplitude to α 0 ranges from −43.62 mm to 519 mm, the sensitivity to ω ranges from −3.34 mm/Hz to 4.39 mm/Hz, and the sensitivity to p ranges from −18.03 mm/MPa to 3.543 mm/MPa. Since the dimensions of the three variables are different, we cannot compare the sensitivity of the amplitude with respect to different factors. When the design parameters of the jet system vary within a given range, the degree of influence of the parameters on the amplitude can be analyzed according to the sensitivity variation under different parameters.
Dynamic Experiment of the Jet System
Dynamic research methods are used in this section to analyze the dynamic data of the jet system of the fire-fighting monitor, and to verify the rationality of the dynamic performance of the designed adaptive fire-fighting monitor.
Composition of the Experimental System
According to Figure 17 , a platform for the dynamic experiment of the jet system of the fire-fighting monitor was built, which could collect data of the flow, pressure and acceleration of the jet system under different working conditions. During the experiment, the throttle valve was fully opened, and the diesel was used to adjust the system flow. Signals including the pressure signal at the entrance of the gun head were collected by the pressure sensor, and the acceleration signal of the enclosure the gun head collected by the acceleration sensor were transmitted to the DAQ card, and then the computer for data processing and display. The pressure sensor 10 was a MIK-P300 acceleration sensor from MEACON, the acceleration sensor 11 was a 603C01 single-axis acceleration sensor from PCB, and the data acquisition card 12 was a spider20E four-channel dynamic signal analyzer from Crystal Instruments. The fire-fighting monitor prototype and sensors are shown in Figure 18 . The acceleration sensor 2 in Figure 18 could collect acceleration data in three directions, which could be used to evaluate the axial vibration state of the jet system. The acceleration sensor 2 was the 356a24 three-axis acceleration sensor of PCB Piezotronics, Inc. sensitivity value changes to be a negative one or a negative value becomes a positive one, which corresponds to the mutation in amplitude variation curve. It can be seen from Figure 11 to Figure 16 that within the normal working range, the sensitivity of the jet system amplitude to 0 α ranges from −43.62 mm to 519 mm, the sensitivity to ω ranges from −3.34 mm/Hz to 4.39 mm/Hz, and the sensitivity to p ranges from −18.03 mm/MPa to 3.543 mm/MPa. Since the dimensions of the three variables are different, we cannot compare the sensitivity of the amplitude with respect to different factors. When the design parameters of the jet system vary within a given range, the degree of influence of the parameters on the amplitude can be analyzed according to the sensitivity variation under different parameters.
Dynamic Experiment of the Jet System
Composition of the Experimental System
According to Figure 17 , a platform for the dynamic experiment of the jet system of the firefighting monitor was built, which could collect data of the flow, pressure and acceleration of the jet system under different working conditions. During the experiment, the throttle valve was fully opened, and the diesel was used to adjust the system flow. Signals including the pressure signal at the entrance of the gun head were collected by the pressure sensor, and the acceleration signal of the enclosure the gun head collected by the acceleration sensor were transmitted to the DAQ card, and then the computer for data processing and display. The pressure sensor 10 was a MIK-P300 acceleration sensor from MEACON, the acceleration sensor 11 was a 603C01 single-axis acceleration sensor from PCB, and the data acquisition card 12 was a spider20E four-channel dynamic signal analyzer from Crystal Instruments. The fire-fighting monitor prototype and sensors are shown in Figure 18 . The acceleration sensor 2 in Figure 18 could collect acceleration data in three directions, which could be used to evaluate the axial vibration state of the jet system. The acceleration sensor 2 was the 356a24 three-axis acceleration sensor of PCB Piezotronics, Inc. 
Acquisition and Analysis of Signals

Acquisition and Analysis of the Pressure Signal
Under the normal working condition of the jet system, the dynamic test of the fire-fighting monitor was carried out under different flow shown in Table 2 . With the recorded data of the pressure at the entrance of the gun head under the corresponding flow, the average pressure P , the fluctuation value P Δ , and the load fluctuation value F Δ of the entrance of the gun head were obtained by calculation. It can be seen from Table 2 , that as the flow of the jet system increase, the pressure at the entrance of the gun head gradually increases, but the fluctuation range tends to gradually decrease, which is because the damping of the jet system becomes larger as the load pressure increases.
Acquisition and Analysis of the Acceleration Signal
The acceleration sensor was used to collect the axial vibration signal during the operation of the adaptive fire-fighting monitor. The data processing methods such as zero-mean processing, wavelet denoising and frequency domain integration were used to preprocess the acquired signal. Then data analysis was carried out by time course, stroboscopic sampling, and power spectrum methods, which are commonly used in nonlinear dynamics.
The relationship between the axial displacement signal and time when the flow of the jet system was 40 L/s, 50 L/s, and 60 L/s is shown in Figure 19 . It was found that with the increase of the flow, the amplitude of the axial vibration of the measuring position decreased slightly, but the change was not obvious. The change of the amplitude of the vibration was mainly caused by the change of the pressure. 
Acquisition and Analysis of Signals
Acquisition and Analysis of the Pressure Signal
Under the normal working condition of the jet system, the dynamic test of the fire-fighting monitor was carried out under different flow shown in Table 2 . With the recorded data of the pressure at the entrance of the gun head under the corresponding flow, the average pressure P, the fluctuation value ∆P, and the load fluctuation value ∆F of the entrance of the gun head were obtained by calculation. It can be seen from Table 2 , that as the flow of the jet system increase, the pressure at the entrance of the gun head gradually increases, but the fluctuation range tends to gradually decrease, which is because the damping of the jet system becomes larger as the load pressure increases.
Acquisition and Analysis of the Acceleration Signal
The relationship between the axial displacement signal and time when the flow of the jet system was 40 L/s, 50 L/s, and 60 L/s is shown in Figure 19 . It was found that with the increase of the flow, the amplitude of the axial vibration of the measuring position decreased slightly, but the change was not obvious. The change of the amplitude of the vibration was mainly caused by the change of the pressure.
The power spectrum of the jet system at flows of 40 L/s, 50 L/s, and 60 L/s is shown in Figure 20 . It can be seen in the figure that the power spectrum under different working conditions fluctuated gently, indicating that the fluid spring had no obvious alternating transformation between the soft one and the hard one, and there was no cavitation inside the fire-fighting monitor, or the possibility of cavitation was low. Figure 20 . It can be seen in the figure that the power spectrum under different working conditions fluctuated gently, indicating that the fluid spring had no obvious alternating transformation between the soft one and the hard one, and there was no cavitation inside the fire-fighting monitor, or the possibility of cavitation was low. Figure 20 . It can be seen in the figure that the power spectrum under different working conditions fluctuated gently, indicating that the fluid spring had no obvious alternating transformation between the soft one and the hard one, and there was no cavitation inside the fire-fighting monitor, or the possibility of cavitation was low. The stroboscopic sampling of the jet system at flows of 40 L/s, 50 L/s, and 60 L/s are shown in Figure 21 . It can be seen that the stroboscopic sampling of the jet system under different flows is gathered in the fixed area rather than dispersedly distributed in the whole plane, and all the points on the stroboscopic sampling pattern form an oblique elliptical shape with limit-cycle oscillation, The stroboscopic sampling of the jet system at flows of 40 L/s, 50 L/s, and 60 L/s are shown in Figure 21 . It can be seen that the stroboscopic sampling of the jet system under different flows is gathered in the fixed area rather than dispersedly distributed in the whole plane, and all the points on the stroboscopic sampling pattern form an oblique elliptical shape with limit-cycle oscillation, indicating that the designed adaptive fire-fighting monitor had no multi-cycle, bifurcation, or chaos under the corresponding design parameters and external excitation. Besides, the single-cycle characteristic result achieved with the experiment is consistent with the simulation results. indicating that the designed adaptive fire-fighting monitor had no multi-cycle, bifurcation, or chaos under the corresponding design parameters and external excitation. Besides, the single-cycle characteristic result achieved with the experiment is consistent with the simulation results. 
Conclusions
(1) During the operation of the adaptive fire-fighting monitor, the fluid spring stiffness changes dynamically with the gas content and pressure of the jet system, and the nonlinear effect of the fluid spring stiffness can be described by the Duffing equation with damping.
(2) Compared with the dynamic system composed of linear spring and linear damping, the soft spring characteristic of the fluid reduces the vibration amplitude of the jet system of the adaptive firefighting monitor at the equilibrium position, which to some extent, can weaken the vibration tendency of the spray core. When the external excitation frequency continuously changes, amplitude mutation occurs near the natural frequency of the corresponding linear system, and the amplitude of the jet system is large near the mutation frequency. Therefore, in the design of a fire-fighting jet system, the input shaft speed of the pump and the pulsation frequency of the output fluid should avoid the interval where the mutation happens. 
(2) Compared with the dynamic system composed of linear spring and linear damping, the soft spring characteristic of the fluid reduces the vibration amplitude of the jet system of the adaptive fire-fighting monitor at the equilibrium position, which to some extent, can weaken the vibration tendency of the spray core. When the external excitation frequency continuously changes, amplitude mutation occurs near the natural frequency of the corresponding linear system, and the amplitude of the jet system is large near the mutation frequency. Therefore, in the design of a fire-fighting jet system, the input shaft speed of the pump and the pulsation frequency of the output fluid should avoid the interval where the mutation happens.
(3) Under the corresponding design parameters and external excitation, the designed adaptive fire-fighting monitor always maintained single-cycle motion without multi-cycle, bifurcation, or chaos, which was consistent with the stroboscopic sampling results of the dynamics experiment, verifying the rationality of the design of the adaptive fire-fighting monitor.
